Introduction
============

The presence of immune cells within human adipose tissue was only discovered a decade ago when macrophages were first identified in abdominal subcutaneous adipose tissue.^[@bib1]^ Since then, macrophages have taken centre stage in this field of research,^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ whereas the roles of lymphocytes and other cells of the immune system have been largely overlooked in human studies. This is despite the fact that lymphocytes are key players in the initiation and regulation of immune responses within conditions such as atherosclerosis, asthma and rheumatoid arthritis.^[@bib6],\ [@bib7],\ [@bib8]^ Most investigations of T lymphocytes in human adipose tissue have used immunohistochemistry, gene expression and/or flow cytometry to identify the presence of these cells.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ Indeed, other than the documented presence of activated T lymphocytes in adipose tissue,^[@bib10],\ [@bib16]^ little is known about the extent of lymphocyte activation and whether this is influenced by levels of adiposity and adipose tissue function.

Studies using rodent models of diet-induced obesity to investigate the time course of immune cell accumulation in adipose tissue suggest that T lymphocytes precede macrophage infiltration/proliferation^[@bib12],\ [@bib15]^ and that cytotoxic (CD8+) lymphocytes in particular may be key mediators of early adipose tissue inflammation, insulin resistance and macrophage migration, activation and differentiation.^[@bib15]^ These animal models provide extremely useful insights but require confirmation in humans, especially since obesity typically occurs over a much longer period than diet-induced obesity in rodents. Importantly, these rodent studies reinforce the hypothesis that lymphocytes have a central physiological role during the early stages of adipose tissue expansion. Much of the available information about immune cells in human adipose tissue comes from morbidly obese individuals where the state of dysfunction is already profoundly apparent at a systemic level, characterised by insulin resistance/type 2 diabetes with adipose tissue showing a pro-inflammatory phenotype.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib14]^ Less is known, however, about the role of adipose tissue-resident immune cells during more 'common\' forms of overweight and obesity. This is important from a mechanistic and clinical perspective as \~62% adults in the United Kingdom are overweight with \<3% of people having a body mass index \>40 kg m^−2^.^[@bib17]^ Additionally, interventions targeting people with modest obesity and 'early\' metabolic dysfunction would yield the greatest rewards given the relative prevalence of modest obesity and the opportunity to prevent the development of future adiposity-related chronic disease.

Thus, the aim of the present study was to investigate human adipose tissue-resident T lymphocyte subsets and their activation in lean to moderately obese individuals who have been carefully characterised in terms of metabolic health. Furthermore, to put these findings into context, we also determined whether T lymphocyte activation was related to either pro- or anti-inflammatory properties of adipose tissue and to commonly used clinical markers of metabolic health.

Materials and methods
=====================

Experimental design
-------------------

Thirty men aged between 35 and 55 years were recruited by local advertisement and visited the laboratory for preliminary anthropometric measurements including waist circumference, which was used to classify participants as lean \<94 cm, overweight \>94 cm but \<102 cm and obese \>102 cm.^[@bib18]^ Recruitment continued until there was an equal distribution of 10 participants in each waist circumference category. Participants also attended the laboratory on one separate occasion for sampling of blood and adipose tissue. Blood samples were collected for measurement of clinical markers of metabolic health and isolation of peripheral blood mononuclear cells (PBMCs). Adipose tissue samples were divided into three portions for gene expression analysis, culture or isolation of the stromavascular fraction (SVF). The protocol was reviewed and given approval by the South West, Southmead NHS Research Ethics Committee (REC Reference: 11/SW/0193) and all participants provided written informed consent.

Participants
------------

Participants were grouped according to waist circumference and individuals were excluded if they had any medical conditions or were taking any medication known to interfere with immune function or lipid/glucose metabolism. Individuals were also excluded if they smoked or had not been weight stable for more than 3 months (i.e., weight change \>3%).

Pretrial requirements
---------------------

Participants were asked to refrain from performing any strenuous physical activity and consuming alcohol/caffeine for 48 and 24 h before testing, respectively. Trial days were scheduled so that participants had been free from any self-reported illness for a minimum of 2 weeks to reduce immune system disturbance. Participants arrived in the laboratory in the morning after an overnight fast (minimum 10 h) and consuming 1 pint of water upon waking and rested in the laboratory for 45 min before testing.

Body composition analysis
-------------------------

Body mass (post-void on the morning of the trial) was determined with participants wearing lightweight shorts using a digital balance (Tanita Corp., Tokyo, Japan). Body composition analysis was performed using dual-energy X-ray absorptiometry (Discovery; Hologic, Bedford, UK). Central adipose tissue was estimated from a central region between L1 and L4, which has previously been shown to correlate with measures of metabolic health.^[@bib19]^ Fat mass index (FMI) was calculated using the equation: FMI=total fat mass (kg)/height^2^ (m^2^) and interpreted using the ranges that match the World Health Organisation Body Mass Index classifications.^[@bib20]^

Blood and adipose sampling and preparation
------------------------------------------

A venous blood sample was taken from an antecubital vein and dispensed into tubes containing either K3EDTA or serum separation beads (Sarstedt Ltd, Leicester, UK). Samples for plasma separation were immediately centrifuged at 3465 *g* for 10 min at 4 °C. Serum samples were left to clot for 45 min before centrifugation. PBMCs were isolated by density gradient separation (Lympholyte; Cedarlane Laboratories Ltd, Burlington, ON, Canada). PBMC pellets were stored in 1 ml phosphate-buffered saline:foetal bovine serum:dimethyl sulphoxide (5:4:1) and frozen at a rate of −1 °C min^−1^ using a freezing container (Nalgene; Thermo Scientific, Waltham, MA, USA) to −80 °C and stored before subsequent analysis by flow cytometry.

Subcutaneous adipose tissue samples (\~1 g) were obtained under local anaesthetic (1% lidocaine) \~5 cm lateral to the umbilicus with a 14 G needle using an 'aspiration\' technique.^[@bib21]^ Visible connective tissue, blood and clots were removed from the adipose tissue with scissors before the remaining adipose tissue was washed with phosphate-buffered saline over single-use sterile gauze membrane to remove any further blood, clots and connective tissue. Approximately 200 mg whole adipose tissue was transferred to an RNase/DNase-free sterile centrifuge tube and frozen immediately on dry ice and later homogenised in Trizol (Invitrogen, Paisley, UK). The remainder was used for adipose tissue culture, or preparation of SVF as described below.

Adipose tissue culture
----------------------

Small portions of adipose tissue were minced (\~5--10 mg) using sterilised scissors and transferred to sterile culture plates (Nunc, Roskilde, Denmark) containing endothelial cell basal media supplemented with 0.1% fatty acid-free bovine serum albumin and 100 U ml^−1^ penicillin and 0.1 mg ml^−1^ streptomycin (Sigma-Aldrich, Gillingham, UK). Tissue was incubated at a final concentration of 100 mg tissue per 1 ml in duplicate^[@bib22]^ at 37 °C with 5% CO~2~ and 95±5% relative humidity (MCO-18A1C CO~2~ incubator; Sanyo, Osaka, Japan). After 3 h, media were removed and transferred to sterile eppendorfs and stored at −80 °C.^[@bib22]^

Preparation of SVF
------------------

The remaining tissue was digested using type I collagenase (Worthington Biochemical, Lakewood Township, NJ, USA) at 250 U ml^−1^ in phosphate-buffered saline and 2% bovine serum albumin (pH 7.4) for \~45 min in a shaking water bath (220 r.p.m.) at 37 °C. The suspension was filtered and subject to brief, gentle centrifugation (10 s at 100 *g*) before aspiration of adipocytes. After further centrifugation (10 min at 300 *g*), the remaining pellet was resuspended in erythrocyte lysis buffer for 10 min before a final centrifugation step (5 min at 300 *g*).^[@bib3]^ SVF pellets were stored in 1 ml phosphate-buffered saline:foetal bovine serum:dimethyl sulphoxide (5:4:1) and frozen at a rate of −1 °C min^−1^ using a freezing container (Thermo Scientific) to −80 °C and stored before subsequent analysis by flow cytometry.

Real-time PCR
-------------

Total RNA was extracted from whole adipose tissue using the RNeasy Mini Kit (Qiagen, Crawley, UK). Samples were quantified (Qubit 2.0 fluorimeter; Life Technologies, Paisley, UK) and 2 μg reverse transcribed to cDNA using a High Capacity Reverse Transcription Kit (Applied Biosystems, Warrington, UK). Real-time PCR was performed using a StepOne (Applied Biosystems) with predesigned primers and probes obtained from Applied Biosystems for the measurement of macrophages (CD68: Hs02836816_g1), T lymphocyte populations and subsets (CD3G: Hs00962186_m1; CD4: Hs01058407_m1; CD8A: Hs00233520_m1; FOXP3: Hs01085834_m1; GATA3: Hs00231122_m1; and TBX21: Hs00203436_m1) and for expression of GLUT4 (Hs00168966_m1), IRS2 (Hs00275843_s1), HSL (Hs00193510_m1), leptin (Hs00174877_m1), adiponectin (Hs00605917_m1), MCP-1 (Hs00234140_m1), RANTES (Hs00982282_m1), IP-10 (Hs01124251_g1), IL-6 (Hs00985639_m1), IL-8 (Hs99999034_m1), IL-10 (Hs00961619_m1), IL-1Ra (Hs00893626_m1), TNF-α (Hs99999043_m1), IL-1β (Hs01555410_m1) and IL-18 (Hs00155517_m1). Peptidylpropyl isomerase A (PPIA) was used as an endogenous control.^[@bib23]^ Results were analysed using the comparative Ct method and expression normalised to an internal calibrator specific to each gene using the formula 2^−▵▵C~t~^, where ▵▵C~t~ is (C~t~ gene of interest−C~t~ PPIA)−lowest ▵C~t~ for gene of interest, and statistical analysis was performed on LN-transformed values.^[@bib24]^ Data for adipose tissue expression of GCSF (Hs00738432_g1), MIP-1β (Hs01031494_m1) and IFN-γ (Hs00174143) are not shown because they were only detectable in four to eight individuals.

Analysis of SVF and PBMCs by flow cytometry
-------------------------------------------

Flow cytometry (using the FACSverse; Beckton Dickenson, Erembodegem, Belgium) was used to identify CD4+/CD8+ T lymphocytes (CD45+CD3+ cells) and macrophages/monocytes (CD45+CD14+/CD45+HLA-DR+CD16+ cells) in SVF and PBMCs together with respective levels of activation. Owing to the limited size of SVF samples remaining for analysis by flow cytometry, cells were labelled using a single cocktail comprising the following antibodies: CD4-FITC, CD163-PE, CD14-PerCy5.5, CD8-PE-Cy7, CD69-APC, CD25-APC-Cy7, CD3-V450 and CD45-V500 (Beckton Dickenson). PBMCs were labelled using two separate cocktails to identify monocytes: CD45-V500, CD16-APC, HLA-DR-FITC, CD11b-PeCy5, CD86-PE-Cy7 and T lymphocytes; CD45-V500, CD3-V450, CD4-FITC, CD8-PE-Cy7, CD69-APC, CD25-APC-Cy7 and CD220-PE (Beckton Dickenson).^[@bib10]^ For an example of gating strategies, see [Supplementary Information online](#sup1){ref-type="supplementary-material"}.

Biochemical analysis
--------------------

Plasma glucose and serum total cholesterol, high-density lipoprotein-cholesterol, alanine aminotransferase activity and triglycerides were measured using commercially available assay kits and analyser (Daytona Rx; Randox, Crumlin, UK). Enzyme-linked immunosorbent assay was used for the measurement of serum insulin (Mercodia, Uppsala, Sweden) and adiponectin (R&D Systems, Abingdon, UK) and both serum and adipose tissue leptin secretion (R&D systems). Adipose tissue secretion of GCSF, MCP-1, IP-10, IL-8, IL-6, IL-10, IL-1Ra, MIP-1β, TNF-α and IL-1β were measured using custom-made kits for use with a fluorescent bead multiplex system (Luminex; Bio-Rad, Hercules, CA, USA) and multiplied by central fat mass (L1--L4) estimated using dual-energy X-ray absorptiometry to predict total central adipose tissue secretion.

Statistical analysis
--------------------

All data are presented as mean and standard error of the mean. Comparisons were made between the lean, overweight and obese groups using one-way analysis of variance irrespective of normality.^[@bib25]^ Relationships between parameters were analysed using Pearson\'s correlation. Statistical analysis was performed using SPSS version 20 (IBM, Armonk, NY, USA) and *P*\<0.05 was considered to be statistically significant.

Results
=======

Participant characteristics
---------------------------

Participants in each group differed in terms of physical measures of adiposity and blood concentrations of glucose, insulin and leptin ([Table 1](#tbl1){ref-type="table"}).

Lymphocyte numbers and activation in adipose tissue
---------------------------------------------------

Gene expression analysis of whole adipose tissue (*n*=30) revealed the presence of T lymphocytes on the basis of CD3, CD4 and CD8 expression ([Figure 1a](#fig1){ref-type="fig"}). Relative expression of CD4 was significantly increased with adiposity and further analysis using CD4 lymphocyte lineage markers; FOXP3, (T-regulatory cells), GATA3 (T-helper type 2 cells) and TBX21 (T-helper type 1 cells) revealed an increase only in the relative expression of T-regulatory cell transcripts ([Figure 1b](#fig1){ref-type="fig"}).

There was sufficient adipose tissue from 17 of the 30 participants to perform flow cytometry of the SVF to characterise these T lymphocyte populations by both proportion of total cells and activation status. Flow cytometry confirmed the presence of both CD4+ and CD8+ lymphocytes within the CD45+CD3+ population. As a percentage of total cells present in the SVF, CD4+ cells ranged from 0.3 to 4.7% and CD8+ cells ranged from 0.5 to 5.6%, but there were no correlations between cell percentages and measures of adiposity (data not shown).

The lymphocyte subsets were further characterised using activation markers CD69 and CD25. Activated T lymphocytes were assessed according to both the proportion of cells that were activated and their mean level of activation (mean fluorescent intensity of each activation marker). Proportions of activated CD4+ and CD8+ T lymphocytes (CD25+ or CD69+) as a percentage of either total SVF cells or percentage CD4+/CD8+ T lymphocytes (CD45+CD3+ cells) within the SVF were not related to measures of adiposity ([Figure 1c](#fig1){ref-type="fig"}). When examining the level of T lymphocyte activation, however, significant correlations were found between central adiposity and the level of expression of CD69 and CD25 on activated CD4+ and CD8+ T lymphocytes ([Figure 1d i--iv](#fig1){ref-type="fig"}).

Macrophage numbers and activation in adipose tissue
---------------------------------------------------

Macrophages were identified using gene expression analysis of CD68 (*n*=30), which was significantly increased with greater levels of adiposity ([Figure 2a](#fig2){ref-type="fig"}). Using flow cytometry of the available samples (*n*=17), macrophages (CD45+CD14+) represented 2.9--15.5% of total cells present in the SVF. The proportion of macrophages was positively related to central adiposity ([Figure 2b](#fig2){ref-type="fig"}). Flow cytometric analysis of CD163 expression on CD45+/CD14+ cells was used as a measure of macrophage 'alternative/anti-inflammatory\' activation, but this marker was not affected by adiposity ([Figure 2c](#fig2){ref-type="fig"}).

Metabolic and inflammatory properties of adipose tissue
-------------------------------------------------------

To identify potential factors within the adipose tissue that may contribute to this increased T lymphocyte activation and macrophage accumulation with increased adiposity, gene expression and protein secretion from whole adipose tissue was examined. With greater levels of adiposity, relative gene expression of the adiposity-related hormone leptin was increased as expected, with reduced expression of adiponectin, GLUT4 and HSL ([Figure 3](#fig3){ref-type="fig"}). The majority of adipose tissue inflammatory cytokines showed a trend towards increased expression with adiposity; however, this only reached statistical significance for the typically pro-inflammatory cytokine IL-18, anti-inflammatory IL-1Ra and MCP-1, a monocyte/macrophage chemoattractant ([Figure 3](#fig3){ref-type="fig"}).

Adipokine secretion from whole adipose tissue explants was determined per 100 mg cultured tissue ([Figure 4a](#fig4){ref-type="fig"}) and multiplied by L1--L4 fat mass to predict total central adipose tissue adipokine secretion ([Figure 4b](#fig4){ref-type="fig"}). Adjusted adipokine secretion accounts for the profound differences between individuals in absolute levels of adiposity and is thus more representative of secretion *in vivo*. Adjusted adipokine secretion increased with adiposity for the majority of measured adipokines ([Figure 4b](#fig4){ref-type="fig"}) and adjusted values better correlated with systemic concentrations (e.g., adipose tissue leptin secretion normalised to L1--L4 fat mass was more strongly correlated with serum leptin than unadjusted leptin secretion: *r*=0.9 vs *r*=0.6, respectively---see [Supplementary Information online](#sup1){ref-type="supplementary-material"}.

Relationships between adipose immune cells and inflammatory cytokines/clinical outcomes
---------------------------------------------------------------------------------------

A comprehensive unbiased approach was used to investigate relationships between immune cell properties and pro- and anti-inflammatory adipokines in adipose tissue. We also explored relationships between measures of metabolic health that are commonly used in clinical practice. A number of consistent significant positive correlations were observed between levels of T lymphocyte activation and relative levels of gene expression and adipose secretion of IL-18, IL-10, IL-1Ra, leptin and MCP-1 and serum leptin ([Table 2](#tbl2){ref-type="table"}). Relationships between the percentage of macrophages in the SVF and adipokines were less consistent at the gene expression and secretion levels, and, instead, appeared to be more closely related to leptin in serum and secretion from adipose tissue, as well as a number of clinical blood markers of metabolic health ([Table 2](#tbl2){ref-type="table"}).

Blood immune cell subsets
-------------------------

To investigate the specificity of these relationships to adipose tissue-resident immune cells, paired blood samples were obtained and PBMCs isolated for characterisation according to cell subset and activation by flow cytometry. None of the correlations observed in the SVF regarding lymphocyte activation with waist circumference were found for paired PBMC samples, indicating that increased activation with increased adiposity is specific to adipose tissue (see [Supplementary Information online](#sup1){ref-type="supplementary-material"}). Furthermore, in contrast to findings for immune cells in SVF, there were no consistent relationships between PBMC activation and any blood markers of metabolic health.

Discussion
==========

This is the first study to demonstrate that in men with moderately increased adiposity typical of common overweight and obesity, there is increased activation of adipose tissue-resident T lymphocyte populations. At the whole tissue level, an increase in FOXP3 gene expression with adiposity and reduced pro-inflammatory cytokine production per gram of tissue in obese compared with overweight participants indicates the emergence of potential compensatory mechanisms, possibly through an increase in T-regulatory cells.

T lymphocytes and their activation in human adipose tissue
----------------------------------------------------------

Our results from both gene expression and flow cytometry document the presence of CD4+ and CD8+ T lymphocyte populations together with the well-described accumulation of macrophages in human subcutaneous adipose tissue SVF.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ Earlier rodent studies investigating the time course of immune cell infiltration with diet-induced obesity suggested that an early increase in CD8+ T lymphocytes may be important and linked to the development of systemic insulin resistance.^[@bib12]^ Our cross-sectional analysis of immune cells in human adipose tissue with varying levels of adiposity, however, showed no differences in levels of CD8+ T lymphocytes by either gene expression or flow cytometry analysis. Instead, our results showed an accumulation of CD4+ T lymphocytes at the gene expression level. From the 30 participants, there were sufficient cells to perform further analysis by flow cytometry on 17 samples. A substantial fraction of both CD4+ and CD8+ T lymphocytes were in an activated state (CD25+ and/or CD69+) in the men recruited in the present study, as previously reported for women.^[@bib10],\ [@bib16]^ Interestingly, although no differences were detected in the *proportion* of activated CD4 and CD8 T lymphocytes within adipose tissue SVF, the level of CD25 and CD69 expression on activated T lymphocytes showed a positive correlation with waist circumference. Importantly, the increased T lymphocyte activation with overweight/obesity was not observed with lymphocytes isolated from paired blood samples---therefore, indicating that this finding is specific to adipose tissue and not a systemic or whole-body response.

In parallel, our gene expression data showed a gradual increase in FOXP3 transcripts with increasing adiposity. The limited number of cells in our SVF samples prevented intracellular staining for FOXP3 or cell sorting of CD25(hi) cells for subsequent *ex vivo* suppression assay. Therefore, although we cannot formally link the increase in FOXP3 transcripts to an increase in T-regulatory cells,^[@bib26]^ this observation gives a strong indication of a possible increase in T-regulatory cells with increased levels of adiposity. The presence of T-regulatory cells in adipose tissue has been shown in other human studies,^[@bib10],\ [@bib13],\ [@bib14]^ and one other study reported increased T-regulatory cells in men and women with morbid class III obesity.^[@bib11]^ T-regulatory cells control both adaptive and innate immune responses via their suppressor activity and are therefore vital for immune function and homeostasis.^[@bib27]^ Human obesity tends to occur over much longer periods of time compared with mouse models where diet-induced obesity develops over just a few weeks.^[@bib12]^ The more gradual adipose tissue expansion in humans may allow for compensatory mechanisms such as the accumulation of T-regulatory cells as an attempt to limit local inflammation. Indeed, in mouse models, a loss of T-regulatory cells in adipose tissue accompanies the development of insulin resistance,^[@bib13],\ [@bib15]^ with gain-of-function experiments improving insulin sensitivity, confirming the potential importance of T-regulatory cells in obesity-related insulin resistance.^[@bib13]^

Adipose tissue genotype/phenotype and resident T lymphocyte activation
----------------------------------------------------------------------

The presence of relationships between leptin, IL-18, IL-10, IL-1Ra and MCP-1 with levels of CD8+ and CD4+ T lymphocyte activation and proportion of macrophages suggests that there may be complex interactions between the adaptive and innate immune system within adipose tissue. Our results suggest that leptin may be important in adipose tissue T lymphocyte activation, and, indeed, *in vitro* work has shown that leptin enhances T lymphocyte homeostasis/function^[@bib28]^ with dose-dependent increases in CD4+ and CD8+ expression of CD25 and CD69.^[@bib29],\ [@bib30]^ Relationships between CD4+ activation and IL-18 and IL-10 adipose gene expression/secretion in the present study are also of particular interest. IL-18 is a pro-inflammatory cytokine produced by the NLRP3 inflammasome in response to 'danger signals\' and is implicated in the differentiation of CD4+ T lymphocytes into T-helper type 1 cells.^[@bib6],\ [@bib31]^ IL-10 conversely is typically anti-inflammatory and indicative of T-helper type 2 cells/T-regulatory lymphocyte differentiation.^[@bib6]^ This supports the hypothesis that, in addition to pro-inflammatory changes in adipose tissue, there are potential protective compensatory responses involving T lymphocytes.^[@bib11],\ [@bib14]^ The absence of relationships between IL-6 or TNF-α with T lymphocyte activation and macrophages may provide further evidence to support this contention. In mouse models of obesity, macrophages switch from an anti-inflammatory M2 phenotype (producing IL-10) to a pro-inflammatory M1 phenotype, which overexpress inflammatory cytokines including IL-6 and TNF-α^[@bib32]^ and are likely to be a major contributing source of these cytokines in adipose tissue. Human data regarding macrophages suggests that with increased levels of adiposity, macrophage numbers are increased and exhibit an anti-inflammatory phenotype associated with tissue remodelling.^[@bib4],\ [@bib5],\ [@bib33]^ In this context, the absence of relationships between pro-inflammatory cytokines and T lymphocyte activation and macrophage accumulation may not be so surprising, particularly given our focus on modest overweight and obesity. Taken together, these data suggest that the development of a pro-inflammatory phenotype as seen in obesity is associated with adaptive responses and an attempt to develop a protective, more anti-inflammatory profile, which is presumably lost or overcome with either further increases in obesity or a further deterioration of metabolic health.

Adipose tissue compensation with increased adiposity
----------------------------------------------------

Adipose tissue is dynamic and undergoes adaptations in times of both calorie restriction and chronic overnutrition. During chronic energy surplus, adipose tissue expands and regulates expression of proteins related to fatty acid trafficking at the cellular level to prevent increases in fasting blood free fatty acids.^[@bib34]^ Our observed downregulation of adipose tissue HSL gene expression with increasing adiposity supports this suggestion. This ability of adipose tissue to adapt with its expansion may also extend to regulating secretion of a number of adipokines measured in this study. At the per unit adipose tissue level, secretion of some adipokines including IL-6, IP-10 and MIP-1β was actually reduced in obese individuals (relative to their overweight counterparts). Thus, in the context of modest overweight and obesity, adipose tissue appears to adapt per unit of tissue in an attempt to regulate overall adipokine output to the circulation, although whether this is in any way linked to the downregulation of free fatty acid delivery is far from certain.

T lymphocytes and systemic markers of metabolic health
------------------------------------------------------

In contrast to our findings for adipose tissue-resident macrophages, there were no relationships between T lymphocyte subsets and their activation with systemic measures of health that are routinely used in clinical practice (e.g., homeostasis model assessment-established insulin resistance (HOMA-IR)). This supports findings from another study where no correlations were found between T lymphocyte subsets in subcutaneous adipose tissue and HOMA-IR.^[@bib11]^ In the present study, the percentage of macrophages in adipose tissue was significantly related to HOMA-IR, high-density lipoprotein (HDL)-cholesterol and ALT. This could indicate that macrophages have a more direct role than lymphocytes in obesity-mediated changes in systemic inflammation/insulin resistance. However, there may be temporal considerations to these comparisons, which make such conclusions difficult. Macrophages may reside in tissues much longer than T lymphocytes and therefore have time to influence/become influenced by changes in local and systemic metabolism and inflammation.^[@bib35]^ In contrast, effector T lymphocytes can have relatively shorter lifespans and some lymphocyte subsets (e.g., memory T lymphocytes) transit through the tissue before their recirculation.^[@bib36]^ The dynamic nature of lymphocytes in adipose tissue may make it difficult to draw conclusions about their role based on a snapshot but may also indicate that these fast-changing cell populations represent an exciting opportunity for intervention.

These relationships have been demonstrated across lean to modestly obese middle-aged men, but whether these relationships hold true with further increases in adiposity in women or men of a different age and in people with metabolic complications such as insulin resistance warrants further investigation.

Conclusion
==========

Following the discovery of immune cells in adipose tissue macrophages have taken centre stage, whereas other cells such as lymphocytes have been somewhat overlooked. The present study demonstrates for the first time that modest adipose tissue expansion is characterised, not by an increase in the proportion of activated T lymphocytes but rather by a stronger state of activation in the T lymphocytes already expressing CD69 and/or CD25. Importantly, this increased activation was not observed in circulating blood T lymphocytes. In addition to positive relationships with pro-inflammatory cytokine production, we show that T lymphocyte activation is also positively related to anti-inflammatory cytokine production at both the gene expression and secretion level---providing further evidence of attempts by adipose tissue and resident T lymphocytes to limit pro-inflammatory output from adipose tissue at least with modestly increased levels of overweight/obesity. From our results, one of the possible mechanisms that could drive this anti-inflammatory compensation is an increased presence of T-regulatory cells. T lymphocytes are therefore likely to have a key role in the regulation of adipose tissue inflammation, and the important adaptations seen even with modestly increased levels of adiposity.

We are grateful to all of those who participated in this study. This research is funded by the British Biotechnology and Biological Sciences Research Council (BBSRC) and Unilever.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on International Journal of Obesity website (http://www.nature.com/ijo)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![Lymphocyte phenotype and activation in adipose tissue according to levels of central adiposity. (**a**) Relative gene expression of cluster differentiation markers to identify T lymphocytes (*n*=30), (**b**) CD4+ T lymphocyte subsets present within the adipose tissue (*n*=30) and (**c**) proportions of activated T lymphocytes in adipose tissue SVF as a percentage of CD4+ and CD8+ cells measured by flow cytometry (*n*=17). Gene expression data presented as mean 2^−▵▵C~t~^±s.e.m. Effects of adiposity were analysed by one-way analysis of variance (ANOVA), \**P*\<0.05 and \*\**P*\<0.001. (**d**) (i--iv) Correlations between waist circumference and activation status of CD4+ and CD8+ T lymphocytes in the adipose tissue (*n*=17) were analysed using Pearson\'s (*R*) correlation; coefficients shown along with significance values. MFI, mean fluorescence intensity.](ijo2014195f1){#fig1}

![Macrophage numbers and activation in adipose tissue with varying levels of adiposity. (**a**) Relative gene expression of CD68 used to identify macrophages (*n*=30). (**b**) Proportions of macrophages in adipose tissue SVF as a percentage of the total cells (*n*=17). Data are presented as mean 2^−▵▵C~t~^±s.e.m. Effects of adiposity were analysed by one-way analysis of variance (ANOVA), \**P*\<0.05 and \*\**P*\<0.001. (**c**) Correlations between waist circumference and proportion of macrophages present in the adipose tissue SVF (*n*=17) were analysed using Pearson\'s (*R*) correlation. MFI, mean fluorescence intensity.](ijo2014195f2){#fig2}

![Relative gene expression of parameters related to metabolism, appetite/adiposity and inflammatory cytokines in whole adipose tissue samples with varying levels of adiposity. Data are presented as mean 2^−▵▵C~t~^±s.e.m. with participants classified equally based on waist circumference (*n*=30). Effects of adiposity were analysed by one-way analysis of variance (ANOVA), \**P*\<0.05 and \*\**P*\<0.005. Note that IL-10 was expressed in three lean, eight overweight and seven obese individuals. IL-6, IL-8 and IL-1β were detected in all overweight and obese individuals but only in eight, six and nine lean individuals, respectively.](ijo2014195f3){#fig3}

![Cytokine secretion by whole adipose tissue explants cultured for 3h with varying levels of adiposity. (**a**) Adipokine secretion normalised per 100 mg ml^−1^ adipose tissue cultured. (**b**) Adipokine secretion multiplied by L1--L4 fat mass to predict total central adipose tissue adipokine secretion. Mean and s.e.m. values were shown for groups based on waist circumference. Effects of adiposity were analysed by one-way analysis of variance (ANOVA), \**P*\<0.05, \*\**P*\<0.005 and ^\$^*P*=0.06 (lean, *n*=8; overweight, *n*=6; obese, *n*=10).](ijo2014195f4){#fig4}

###### Participant descriptive statistics

  *Classification based on waist circumference*   *Lean,* n*=10*   *Overweight,* n*=10*   *Obese,* n*=10*   *ANOVA* P*-value*
  ----------------------------------------------- ---------------- ---------------------- ----------------- -------------------
  *Physical characteristics*                                                                                
   Age (years)                                    43.5±1.7         48.0±1.8               45.2±1.9          0.218
   Waist circumference (cm)                       87.0±1.4         97.7±0.8               109.4±1.8         \<0.001
   Body mass index (kg m^−2^)                     23.6±0.6         26.7±0.4               30.7±0.9          \<0.001
   Fat mass index (kg m^−2^)                      4.5±0.3          6.9±0.2                9.5±0.6           \<0.001
   L1--L4 (%)                                     19±1.4           30±1.0                 37±1.9            \<0.001
                                                                                                             
  *Fasting metabolic characteristics*                                                                       
   Leptin (ng ml^−1^)                             10.0±1.6         26.6±3.4               40.1±4.4          \<0.001
   Adiponectin (μg ml^−1^)                        9.6±1.3          8.7±1.2                8.5±1.3           0.834
   Glucose (mmol l^−1^)                           4.4±0.3          4.8±0.3                5.3±0.2           0.043
   Insulin (pmol l^−1^)                           27.3±4.8         39.6±7.0               59.5±10.1         0.020
   HOMA-IR                                        0.9±0.2          1.4±0.3                2.4±0.4           0.012
   Total-cholesterol (mmol l^−1^)                 4.6±0.3          5.1±0.3                4.4±0.3           0.267
   Triglycerides (mmol l^−1^)                     0.9±0.1          1.3±0.2                1.0±0.1           0.123
   HDL-cholesterol (mmol l^−1^)                   1.3±0.1          1.1±0.1                1.1±0.1           0.091
   NEFA (mmol l^−1^)                              0.33±0.04        0.48±0.13              0.43±0.05         0.469
   ALT (U l^−1^)                                  18.5±1.3         27.4±2.6               28.5±5.0          0.087

Abbreviations: ALT, alanine aminotransferase; ANOVA, analysis of variance; DEXA, dual-energy X-ray absorptiometry; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment-established insulin resistance; L1--L4, central fat mass within the lumbar region L1--L4 as determined by DEXA scan; NEFA, non-esterified fatty acids.

Data presented as mean±s.e.m. Effects of adiposity were analysed by one-way ANOVA (*P*-values shown).

###### Associations between adipose tissue immune cell characteristics, blood markers of metabolic health and adipose tissue gene expression and secretion of pro- and anti- inflammatory adipokines

                       *Serum*     *mRNA*    *Whole AT protein secretion (3h) adjusted to central fat mass (L1-L4 region)*                                                                                                                                             
  -------------------- ----------- --------- ------------------------------------------------------------------------------- ----------- ----------- ------- ------- ----------- --------- ----------- ----------- ----------- ------- ------- ----------- ----------- ---------
  *T lymphocytes*                                                                                                                                                                                                                                                      
   CD4+CD69+ MFI       0.557\*     0.303     0.219                                                                           0.273       0.483\*     0.195   0.127   0.596\*     0.644\*   0.674\*\*   0.742\*\*   0.574\*     0.410   0.403   0.633\*\*   0.727\*\*   0.523\*
   CD4+CD25+ MFI       0.522\*     0.409     0.375                                                                           0.567\*     0.281       0.086   0.363   0.729\*\*   0.576\*   0.697\*\*   0.744\*\*   0.645\*\*   0.370   0.156   0.674\*\*   0.596\*     0.288
   CD8+CD69+ MFI       0.472^\$^   0.291     0.264                                                                           0.349       0.313       0.020   0.067   0.647\*\*   0.624\*   0.795\*\*   0.703\*\*   0.703\*\*   0.351   0.036   0.684\*\*   0.718\*\*   0.222
   CD8+CD25+ MFI       0.305       0.200     0.238                                                                           0.476^\$^   0.161       0.121   0.293   0.757\*\*   0.587\*   0.836\*\*   0.609\*\*   0.447^\$^   0.233   0.221   0.536\*     0.450^\$^   0.360
                                                                                                                                                                                                                                                                        
  *Macrophages*                                                                                                                                                                                                                                                        
   CD45+CD14+ %total   0.626\*\*   0.485\*   0.539\*                                                                         0.621\*\*   0.449^\$^   0.024   0.283   0.383       0.278     0.519\*     0.667\*\*   0.769\*\*   0.346   0.097   0.479\*     0.671\*\*   0.205

Abbreviations: ALT, alanine aminotransferase; AT, adipose tissue; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment-established insulin resistance; IL, interleukin; IL-1Ra, IL-1 receptor antagonist; MCP-1, monocyte chemoattractant protein-1; MFI, mean fluorescent intensity; TNF-α, tumour necrosis factor-α.

Data are presented as Pearson\'s *R* value (*n*=17; except IL-10 where *n*=13). \**P*\<0.05, \*\**P*\<0.005, ^\$^*P*=0.05-0.1.
